I. INTRODUCTION
Recently, multicarrier code-division multiple-access (MC-CDMA), which combines the benefits of CDMA with the natural robustness to the frequency-selective fading offered by orthogonal frequencydivision multiplexing (OFDM), has attracted a lot of research [1, 2] . In particular, the MC-CDMA employing both time (T)-domain and frequency (F)-domain spreading, referred to as the TF/MC DS-CDMA [2] , constitutes one of the promising multiuser communication schemes having a range of advantages suitable for the future generations of broadband wireless systems [2, 3] . However, TF/MC DS-CDMA conflicts multiuser interference (MUI), especially, when the system is operated in overload scenarios, where the number of users supported is higher than the degrees-of-freedom (DoFs), such as spreading factors, number of receive antennas, etc., of the communication system. The situation may become even worse in multicell environments, due to the added intercell interference (ICI) in addition to the intracell MUI. In order to circumvent this problem, a number of approaches have been proposed, among which multiuser detection (MUD) [4] is a highly effective one.
Since Verdu's seminal work, there have been a lot of researches on the MUD, but mainly, for single-cell setup, as evidenced by [2, 4] and the references therein. However, the studies on MUD dedicated to multicell setup are limited. In [5] , a joint maximum likelihood (JML)-MUD has been investigated in the context of the narrowband multicell systems without BS cooperation, where the JML-MUD performs joint detection of the intracell users and some intercell users generating strong ICI.
In multicell systems, when BS cooperation is implemented, an intuitive way is to assume that there is a central signal processing unit (CSPU) and all the BSs are connected to it via backhaul links. In this case, hard-decision data [6] or quantized soft information [7] obtained by the BSs can be sent to the CSPU, where joint detection is carried out in the same way as that in the single-cell. Despite the prominent performance gains over the conventional noncooperative schemes, the centralized schemes are usually impractical and less attractive, due to the demand of impractical complexity for implementation. For this sake, decentralized detection schemes have been proposed and investigated in recent years [7] [8] [9] [10] . To be more specific, in [7] [8] [9] , based on the principles of Turbo decoding, quantized soft information is exchanged iteratively among the neighboring BSs for ICI reconstruction and cancellation. In [10] , iterative hard information exchange among BSs is proposed, which is used for improving the ML detection. Although iterative exchange of information is effective in ICI cancellation, the complexity demanded by the multiple rounds of information exchange may impose excessive burden on the backhaul links.
Against the background, in this paper, we propose and investigate the MUD in the multicell TF/MC DS-CDMA systems, which use no BS cooperation or employ the BS cooperation supported by exchanging hard-decision data among the BSs. Specifically, the novel low-complexity MUD scheme, namely the receiver multiuser diversity aided multistage MMSE MUD (RMD/MS-MMSE MUD) previous proposed for single-cell SDMA and DS-CDMA systems [11] is extended to the multicell TF/MC DS-CDMA systems. Furthermore, when BS cooperation is employed, symbols detected at different BSs are interchanged and combined not only to enhance the RMD/MS-MMSE MUD's performance, but also to earn some macro-diversity gain provided by the different BSs. Our studies and performance results show that the RMD/MS-MMSE MUD is highly efficient for operation in the multicell environments, where severe ICI and intracell MUI exist. It is capable of attaining promising BER performance, even when each of the cells is heavily overloaded, making the number of users supported per cell higher than the total spreading factor of the TF/MC DS-CDMA system.
II. MULTICELL TIME-FREQUENCY-DOMAIN SPREAD MULTICARRIER DS-CDMA SYSTEM MODEL
We consider the uplink transmission in a three-cell TF/MC DS-CDMA system with universal frequency reuse, i.e., the frequency reuse factor is one, the structure of which is depicted in Fig. 1 . We assume that each cell has one BS and covers K users, which are referred to as the intracell users. Otherwise, the users in the neighboring cells are called as intercell users. The K users of a cell are randomly located inside the cell. Power control in used, so that the average power received from intracell users is the same, which is normalized to one. The ICI of user k in cell i on BS m is related to a ICI factor (ICIF) α (k) mi (i = m), which reflects the combined effects of path loss, shadowing and transmit power of user k in cell i. For the sake of simplicity but of illustrating the effect of intercell users, we assume that α (k) mi is subject to the uniform distribution in [0, 1] . Considering that α (k) mi may be large, for example, when user k is at the border of cell i and m, BS m may detect the intercell user k of cell i, in order to enhance the system's performance. For this purpose, we classify the intercell users into two classes by comparing their ICIFs with a predefined threshold 0 ≤ λ ≤ 1. Specifically, the intercell users with their ICIFs exceeding λ belong to Class-1, while the remaining intercell users belong to Class-2. The Class-1 intercell users are detected along with the intracell users possibly for different purposes, as specified in our forthcoming discourses. By contrast, the intercell users belonging to Class-2 are simply treated as noise, as their signals are too weak to be detected.
A. Transmitted Signal
The transmitter schematic for the kth user of cell i in the TF/MC DS-CDMA systems is shown in Fig. 2 . It includes T-domain spreading, F-domain spreading and multicarrier modulation. For convenience, the main parameters used for characterizing the TF/MC DS-CDMA systems are summarized as follows:
• T b , Tc: bit-duration and chip-duration; Fig. 1 . Illustration of a three-cell system, where each cell has one BS and covers K users.
• c (k) t,i (t): T-domain spreading waveform of the kth user in cell i, formed from the T-domain spreading code c c c
• c c c
f,i : F-domain spreading code of the kth user in cell i, c c c
As shown in Fig. 2 , at the transmitter of the TF/MC DS-CDMA, the binary data stream x 
f,i . Note that, in order to make the subcarriers used by the TF/MC DS-CDMA orthogonal, the spacing between any two adjacent subcarriers is assumed to be 1/Tc. Following the F-domain spreading, multicarrier modulation is carried out by multiplying each of the N f branches a corresponding subcarrier frequency. Finally, the N f subcarrier signals are summed to form the transmitted signal, which is expressed as
where P represents the transmission power of a user, {fn f }
n f =0 represent the subcarrier frequencies and the corresponding initial phases, while {· } denotes the real part of the complex argument. 
B. Channel Model
In this contribution, the channels are assumed the frequencyselective fading channels with L resolvable multipaths. The number of subcarriers of the TF/MC DS-CDMA systems is assumed to satisfy N f ≥ L, resulting in that each of the subcarriers experiences flat fading [2] . Specifically, for the kth user in the ith (i=0,1,2) cell, the T-domain channel impulse responses (CIRs) for the channel from this user to BS m (m = 0, 1, 2) can be expressed as
respectively, the dimension of which is (N f × 1). Besides,h
is the complex-valued channel gain, whose amplitude and phase are assumed to obey the Rayleigh distribution and the uniform distribution in [0, 2π), respectively. When the multicarrier modulation and demodulation in the TF/MC DS-CDMA are implemented by the inverse discrete Fourier transform (IDFT) and discrete Fourier transform (DFT) [2] , and the cyclicprefixing (CP) is employed to suppress intersymbol interference (ISI), it can be shown that the F-domain CIRs corresponding to (2) and (3) can be expressed as [2] h h h
where F F F is a normalized DFT matrix satisfying
while the factor N f is applied so that the Parseval's power theorem is satisfied.
C. Received Signal
Based on the multicell model as shown in Fig. 1 , the TF/MC DS-CDMA transmitter structure of Fig. 2 and the channel model as abovedescribed, the received complex low-pass equivalent signal by BS m can be expressed as
where, in addition to the variables having been stated, the phase ϕ
takes into account of both the initial subcarrier phase and the phase introduced by the channel, while the complex low-pass equivalent Gaussian process N (t) has a mean of zero and a singlesided power spectral density of N0 per dimension.
At BS m, the signal of (5) is passed through N f chip waveform matched-filters (MFs) [2] , each of which for one subcarrier. It can be shown that, after the MFs, the discrete observations obtained by BS m can be expressed as
where y y ym is a N f Nt-length observation vector, C C C
Finally, n n nm is a N f Nt-length Gaussian noise vector distributed with a mean of zero and a covariance matrix σ 2 I I I, where σ 2 = 1/γ b with γ b representing the average signal-to-noise ratio (SNR) per bit.
When expressed in a compact form, (6) can be written as
where, by definition,
f,i , c c c
f,i , . . . , c c c
Finally, for clarity of presentation, letting H H Hmi = C C Ct,iH H HmiC C C f,i , which is a (N f Nt × K) matrix, we can rewrite (8) as
H H Hmix x xi + n n nm, m = 0, 1, 2
As discussed previously, a BS may detect a part of intercell users (Class-1 intercell users), which are chosen based on a pre-defined threshold λ. In this case, we can express x x xi of the symbols transmitted by the intercell users in cell i as
where x x x (1) mi and x x x (2) mi correspond to the Class-1 and Class-2 intercell users in cell i. Accordingly, the channel matrix H H Hmi can be written as
in correspondence with x x x (1) mi and x x x (2) mi . Then, using (11) and (12), we can reformulate (10) as
where, when i = m,
and, when i = m,H
Note that, in (15),x x xm contains the data symbols of the intracell users and that of the Class-1 intercell users of the two neighboring cells. By contrast, in (16),x x xi only contains the symbols of the Class-2 intercell users of cell i. In the following MUD schemes considered, the intracell user symbols are detected based on (13) by treating the Class-1 intercell user symbols as useful information. The dimension ofx x xm is denoted as (Km × 1), which is determined by the threshold λ. Particularly, Km = K when λ = 1, and Km = 3K when λ = 0. By contrast, the signals from the Class-2 intercell users will be treated as harmful interference.
III. DECISION-FEEDBACK MULTIUSER DETECTION
Recently, a decision-feedback MUD referred to as the RMD/MS-MMSE MUD has been proposed in [11] , which is capable of achieving the near-optimum BER performance with linearly dependent detection complexity. In this section, we extend the RMD/MS-MMSE MUD [11] proposed for single-cell SDMA and DS-CDMA systems to the multicell TF/MC DS-CDMA systems with or without BS cooperation. Let us first consider the RMD/MS-MMSE MUD for the multicell TF/MC DS-CDMA systems without BS cooperation.
A. RMD/MS-MMSE MUD without BS cooperation
It is well-known that, in multicell wireless systems, ICI may severely degrade the achievable performance. Hence, it is crucial to manage appropriately the signals received from other cells. From [12] , we have learnt that, when ICI is strong, a SIC-based decoder is capable of achieving the capacity bound. Therefore, in this contribution, we propose and study the SIC-type detection schemes, which motivate to detect the intracell users by also detecting the Class-1 intercell users, whose interference on the intracell users is canceled based on the SIC principles. Specifically, we extend the RMD/MS-MMSE MUD proposed in [11] to the multicell TF/MC DS-CDMA systems, where both the intracell and Class-1 intercell users are detected. However, here the Class-1 intercell users are detected only for the purpose of the intracell users' BER performance enhancement, as no BS cooperation is considered in this section. Their information will be thrown away after the detection. Additionally, we note that, when both the intracell users and Class-1 intercell users are simultaneously detected, the TF/MC DS-CDMA system possibly become heavily overloaded, meaning that the number of users detected is much higher than the system's degrees of freedom [11] . Our studies in this contribution will show that the RMD/MS-MMSE MUD is a high-efficiency scheme for application in heavily overloaded scenarios.
According to [11] , the RMD/MS-MMSE MUD for the multicell TF/MC DS-CDMA system can be described as follows. 
Additionally, the channel matrix is initialized as
whereH H Hmi is given in (14) 
where {a} denotes the real part of the variable a. b) Determining and detecting the most reliable user: For the Km − s + 1 users having not been detected, their reliabilities are measured by the magnitudes of the posteriori log-likelihood ratios (LLRs), expressed as [11] 
where P P P m[s] denotes a permutation matrix obtained from I I IK after removing its s columns corresponding to the s users having been detected so far.
B. RMD/MS-MMSE MUD with Data Exchange and Combine
In the previous scheme, a BS detects the Class-1 intercell users in addition to the intracell users, in order to mitigate the strong ICI. However, as there is no cooperation among the BSs, intensive MUI exists in the detection, which significantly degrades the detection performance. Furthermore, without BS cooperation, the information gained from detection of Class-1 intercell users cannot be exploited by the other cells. In this section, we improve the RMD/MS-MMSE MUD considered in Section III-A by introducing BS cooperation achieved with the aid of data exchange among the BSs.
To be more specific, at a detection stage, each BS detects the most reliable user, which may be an intracell user or a Class-1 intercell user. Then, the detected symbols of the three cells are interchanged via the backhaul-link. We assume that data exchange among the BSs is free of errors. After the data exchange, further decisions about the symbols are required, as the detected symbols may belong to one, two or three users. Therefore, after data exchange, each BS will first check whether the detected symbols belong to the same user. If there are two or three symbols belonging to the same user, the BS then combines these symbols based on the principle of majority voting (MV).
In contrast to the systems without BS cooperation, where each user is only detected by its BS, in the proposed scheme with data exchange, detecting one user can make use of the information provided by three BSs, which introduces Macro-diversity and, hence, improves the detection performance. Below we state the algorithm for the RMD/MS-MMSE MUD with data exchange. Note that, in comparison with the RMD/MS-MMSE MUD without BS cooperation, as described in Section III-A, the initialization for the RMD/MS-MMSE MUD with BS cooperation is the same, which is hence omitted.
For BS m = 0, 1 or 2, after the initialization, the multi-stage detection is operated as follows.
Detection: During stage s = 1, 2, . . . , Km, . . . , the following operations are executed. a) Forming decision variable: 
where I I I is a (Km×Km) identity matrix and 0 0 0 is a (Km×(3K−Km)) zero matrix.
IV. PERFORMANCE RESULTS In this section, we investigate and compare the error performance of the multicell TF/MC DS-CDMA systems employing binary phaseshift keying (BPSK) modulation using random spreading codes. The impacts of ICI factor (ICIF), and system load are explored. Note that, in the figures, for simplicity, RMD-MMSE is for RMD/MS-MMSE MUD without BS cooperation, while RMD-MMSE-DEC is for RMD/MS-MMSE MUD with data exchange and combining.
Rayleigh Fading, K=64, N f =N t =8, L=8 Considering the impact of the ICIF, as seen in Fig. 3, when λ = 1 , implying that each BS only detects its intracell users, the achievable BER performance of the RMD/MS-MMSE MUD (both with and without BS cooperation) is worse than that of the RMD/MS-MMSE MUD associated with an ICIF λ < 1, which explains that every BS detects a part of the intercell users in addition to its intracell users. Finally, when λ = 0, corresponding to the case that each BS detects all the users in the system, the best BER performance is achieved. However, the above-mentioned performance improvement is attained at a cost of higher detection complexity due to the increased number of users detected by each BS. Hence, in practice, depending on the complexity affordable, an appropriate λ value for the ICIF may be used, in order to attain a good tradeoff between BER performance and complexity.
Rayleigh Fading, N f =N t =8, L=8 In Fig. 4 , we investigate the effects of system loads on the achievable BER performance of RMD/MS-MMSE MUD. Specifically, the cases of K = 32 = 0.5NtN f , K = 64 = NtN f and K = 96 = 1.5NtN f users per cell are considered, which correspond to the scenarios of under-load, full-load and overload, respectively. Additionally, the single-user BER performance in a single-cell is included as a benchmark. From the results of Fig. 4 (a) , where the RMD/MS-MMSE without BS cooperation is considered, when λ = 1, we can observe that, due to the ICI, even the BER performance of the under-load system is much worse than the single-user bound. Furthermore, error floor appears very quickly for the full-load and overload cases. By contrast, when λ = 0, benefit from the ICI mitigation is obvious, great performance improvement can be observed for the under-load and fullload cases, in comparison with the cases with λ = 1. However, the BER performance of the over-load system is still very poor, due to the severe MUI and ICI.
By contrast, as shown in Fig. 4 (b) , when the RMD/MS-MMSE MUD employs the BS cooperation supported by data exchange and combining, the BER performance is significantly improved, when compared with those depicted in Fig. 4 (a) . Specifically, when λ = 1, we observe the BER performance of the under-load system tends to the single-user bound, while that of the full-load and overload systems gradually ceases from improving as the SNR increases, which is due to the ICI. Comparatively, when λ = 0, we observe that the BER performance of both the under-load and full-load systems is even better than the single-user bound, owing to the macro-diversity gain attained via data exchange and combining among the BSs. Note that, in [7, 10] , the schemes considered have the (single-cell) single-user bounds as their upper bounds. Furthermore, from Fig. 4 (b) , we can see that the RMD/MS-MMSE MUD works well in the systems of heavily overloaded, particularly, when the SNR is relatively low, which is practically desirable.
In conclusions, We have proposed the RMD/MS-MMSE MUDs for the multicell TF/MC DS-CDMA systems with or without BS cooperation. Our studies show that employing the BS cooperation by exchanging hard-decision data significantly enhances the capability of the RMD/MS-MMSE MUDs, resulting in much better BER performance than the RMD/MS-MMSE MUDs without BS cooperation. The achievable BER performance of the RMD/MS-MMSE MUDsno matter whether BS cooperation is employed or not -can also be improved, if each of the BSs tries to detect a part of intercell users in addition to detecting its intracell users. Furthermore, our studies show that the RMD/MS-MMSE MUDs are highly efficient MUDs. They are capable of attaining promising BER performance, even when each of the cells is heavily overloaded. Additionally, they are low-complexity MUD schemes, as analyzed in [11] .
V. ACKNOWLEDGEMENT
